INTRODUCTION AND SUMMARY
T HE VARIATIONS in electric power usage have required the utilities and the manufacturers of power generating equipment to design power generating units capable of cycling and to develop methods of storing energy to meet varying power demands. Most of these demands are periodic, but the cycle time may vary from a few seconds to a year. The annual variation is usually accommodated by scheduling power equipment outage and major maintenance for low-demand seasons. The daily and weekly variations, however, are the most important because of the sheer magnitude of the power variations that may occur during periods as short as an hour. For example, the change in power demand is often from 60 percent of the peak load at 7 AM to 90 percent at 9 AM. On a system with a 2OOO-MW peak load this variation is about 600 MW. Large coal-fired and nuclear power plants, which are the most efficient generating units, are normally designed to operate at full or nearly full capacity with little or no power variation. Their expected life is considerably decreased when forced to cycle by large fractions of total output capacity. Gas turbines, old and intermediate-sized power plants, and energy storage units, which are designed for cycling or are less affected by changing power levels, are cycled to meet the daily and weekly power variations.
A variety of power generating and energy storage t e c w e s can satisfy the cyclic power demand. Some, such as gas turbines, hydroelectric, and pumped hydroelectric, have been used widely. Several new technologies, including compressed air, underground pumped hydro, batteries, and superconducting magnets show The author is with the Accelerator and Fusion Research Division, Lawrence promise for possible future applications, and some have already seen limited applications though they are all still in the development process. With adequate development, and assuming reasonable costs can be achieved for these technologies, utilities in the future will be able to select the type of plant that will optimize their power generation capability in terms of cost and performance.
Superconducting magnetic energy storage (SMES) is inherently very efficient and has siting requirements that are different from other technologies. Because of these characteristics, SMES has the potential of finding application in systems with large energy storage requirements. This recently conceived technology meets many of the utilities' requirements for diurnal storage. An unusual feature of SMES is the cost scaling with size, which is different from that for other storage devices. For a given design, the cost of a SMES unit is roughly proportional to its surface area and the required quantity of superconductor. The cost per unit of stored energy (megajoule or kilowatt-hour) decreases as storage capacity increases. addition, the charge and discharge of a SMES unit is through the same device, a multiphase converter or Graetz bridge, which allows the SMES system to respond within tens of milliseconds to power demands that could include a change from maximum charge rate to maximum discharge power. This rapid response allows a diurnal storage unit to provide spinning reserve and to improve system stability. Both the converter and the energy storage in the coil are highly efficient as there is no conversion of energy from one form to another as in pumped hydro, for example, where the electrical energy is converted to mechanical energy and then back again. The major loss during storage is the energy required to operate the refrigerator that maintains the superconducting coil at 1.8 K. SMES, because of these characteristics and because it can be easily sited, has the potential of finding extensive application on electric utility systems.
This paper presents briefly some of the important events in the development of SMES to the present and describes many of the features of this new and promising technology. Due to the authors familiarity with one particular SMES design, the Los Alamos Reference Design, the important components of a SMES unit are presented in the context of this design. Another design is presented later and the significant differences are explained. The potential applications on power systems are described briefly.
HISTORY OF SMES

Superconductors
Superconductivity was first observed by Kamerlingh OMes [l] in 1911-in a laboratory that was also the first to produce liquid helium [2] . Though early on there were schemes to apply this new technology, none of them had a chance of succeeding until the 0018-9219/83/0900-1089$01.00 01983 IEEE discovery of the "hard" [3]- [5] or "type 11" superconductors that are now supplied by several manufacturers [6]- [9] . The characteristic that sets superconductors apart from other materials is their ability to carry currents, in some cases very large currents, with no measurable resistive component. This trait gives superconductors a unique capability for wide application in the electrical and electronics industries.
Though several superconductors are commercially available, alloys of niobium and titanium, NbTi, appear to be the most effective for SMES. This material when operated at 4.4 K can carry currents up to 2000 A / d at a field of 5 T, which is more than 100 times greater than the typical operating current density in copper.
Magnetic Fielak
Historically, the major use of magnetic fields per se has been in two particular disciplines of scientific research: plasma physics and particle physics. When superconductivity first became technologically practical, applications were quick to arrive in both of these areas. [24] . In particular, the stabilizing effect of the rapid response capability of the Graetz bridge control system to power demands showed the effectiveness of this type of unit for stabilizing system oscillations.
In 1972 the Los Alamos Scientific Laboratory (LASL) was asked by the U.S. Atomic Energy Commission to look into SMES and, if it appeared economical, to outline a development program to the newly formed Division of Applied Technology. Two major areas were immediately addressed. Based on an analysis of conventional fabrication techniques, one component of the SMES unit, the structure required to contain the magnetic or Lorentz forces, was found to be sufficiently expensive to eliminate SMES from consideration for utility application. The mass of stainless steel support structure, which has been used in close contact with the conductor in the bubble chamber coils, would be about 16 kg for each megajoule of stored energy. This quantity is so large that the cost per unit of stored energy would be $50/MJ whereas the cost of the pumped hydro plant at Ludington was only $6.9/MJ. Hassenzahl et al.
[26] recognized the economic advantage of a warm structure such as "in situ" rock in place of a cold structure. Independent of the SMES project, Powell [27] had studied the costs of supports for superconducting magnets for fusion and found that warm support would reduce the costs of some fusion-based power plants.
Other and discussions with the electric utilities it was found that a sigdcant credit could be assigned to the relatively inexpensive, increased power capability that came with additional converter capacity [26] .
Thus the converter is seen to have two inherently attractive features in a diurnal storage unit: first, the fast response time of the converter allows the SMES unit to improve system stability, and second, the low cost of the converter permits the SMES unit to provide the system with inexpensive spinning reserve. The major cost item in large superconducting coils with all components at cryogenic temperatures is the reinforcing structure. There are magnetic field configurations ( u s e d mainly in plasma physics) in which the fields and currents are force-free. Mawardi [37] proposed a force-compensated SMES system consisting of toroidal and poloidal coils. The Lorentz forces may cancel for the combined system, thus reducing the total structural requirements, even though the forces in each coil type appear as expected. The present status of this concept is described in a companion article.
Because the early cost estimates showed that only very large SMES units would be economical, some effort had gone into searching for other applications of SMES to utility systems. Late when the design study was initiated. The design details of components such as the conductor, structure, dewar, etc., were developed and described in detail. The goal of this effort was to generate sufficient design detail on a SMES unit to obtain a realistic cost estimate of the total system. The conclusion at that time was that a 1-GWh unit was probably too expensive but that larger units, which would be less expensive per unit of stored energy, would be more economical. Many of the details of the components of a SMES system are described in the next section. They are generally presented in the form in which they appear in the LASL reference design.
In the meantime, some work on SMES had been carried out in ever, and may support SMES in the future. Two aspects of SMES are currently being evaluated by groups supported by E P R I . A team consisting of Bechtel and General Atomic is looking at the technical aspects of SMES and has made a comparison of different designs. They have selected a low aspect ratio (LAR) coil, which will be described later, as the best candidate for further evaluation and development. Energy Management Associates is evaluating in detail the value of SMES to a variety of utility systems. When both studies are completed the cost and value can be compared to determine the extent to which further development is warranted. More recently, the New Energy Development Organization in Japan has established a program to evaluate SMES and to establish a design for a 10-MWh prototype in 1985.
THE COMPONENTS OF SMES SYSTEM
Perhaps the most complete single design effort on a SMES system to date is the Los Alamos reference design [41], which is referred to as the single-tunnel design. This design effort began in 1978 and was completed in 1979. It included a collaboration with several companies that established the criteria and costs for various components of the design. This design is thoroughly described in [41] which consists of eight volumes. The first volume is a summary of the system and the other seven present details of various aspects of the design. Here we describe a general SMES system and then give some details of each c o m p nent as it appeared in the reference design.
The components of a SMES system are shown schematically in Fig. 1 . The heart of the system is the superconducting coil. The dimensions of the coil are determined by the energy storage capacity desired and the coil design chosen. The 1-GWh unit of the reference design is shown in Fig. 2 . For a 5-GWh unit, the coil radius can vary from about 150 to 200 m depending on the ratio of height to diameter. As mentioned before, if the system is to be economical, the magnetic forces that tend to expand the coil must be transmitted to a cheap structural material such as "in situ " rock. This is accomplished by means of a structural material such as fiberglass reinforced epoxy [44], 1451 that has high strength and low thermal conductivity.
The superconducting coil is contained in a cryostat or dewar that consists of a vacuum vessel in intimate contact with the rock and a helium vessel that encloses the superconducting coil and contains the liquid helium that cools the coil.
Heat generated witbin the coil or conducted to the helium, either along the supports or the power leads, is removed by means of a low-temperature refrigerator. Helium is used as the working fluid in the refrigerator because it is the only substance that can exist as either a liquid or a gas at the operating temperature, which is near absolute zero.
The current in the superconducting coil passes from room temperature to the coil along a set of special low-loss power leads. At the room-temperature end, the leads are connected to busses that go to the converter. The heat conducted from room temperature to the coil is absorbed in a helium bath at 4.4 K.
The direction and magnitude of the power flow through the converter is determined by demand signals from the power system. The power demand, the timing of the three phases on the ac system, and the current in the conductor (or equivalently, the stored energy in the coil) are used by the control unit to calculate the firing angle for the SCR firing circuit.
The current in the superconducting coil will be tens of thousands or hundreds of thousands of amperes. No ac power system normally operates at these current levels so a transformer is needed to convert the high voltage and low current of the ac system to the low voltage and high current required by the coil.
The superconducting coil, as seen through the converter, appears as a reactive load to the ac system. The reactive power created in the system is canceled by the reactive power compensation system that is in essence a variable capacitance.
The size chosen for the single-tunnel design was 1 GWh, which was considered appropriate because it was a size that in itself would be in demand for utility applications and because design details and technical conclusions on this size could be extrapolated to even larger sizes. The system parameters for a 5-GWh adaptation of the Los Alamos Reference Design are given later in Table I , and a cross section of the coil as it would be constructed underground is shown in Fig. 3 . The major cost components of the unit are: conductor and coil, cryostat and structure, tunnel and excavation, converter, and refrigerator. Each of these items is discussed briefly.
Superconductor and Coil
The superconductor proposed by Los Alamos is an NbTi/copper composite stabilized by aluminum, as shown in Fig. 4 . The NbTi alloy is enclosed in a copper matrix that serves three purposes. First, during extrusion, the copper provides a matrix that mechanically supports and separates the individual filaments of NbTi, which in the final conductor are very small, tens of micrometers in diameter, to reduce internal heating in the conductor during cyclic operation. Second, the copper, because of its high resistivity relative to the superconductor, electrically isolates the NbTi filaments by providing a resistive barrier that reduces losses during charge and discharge. Third, the copper stabilizes the superconductor by conducting current during short periods when the superconductor undergoes a transition to the normal state. The composite conductor is formed of strands that are made into a cable. The individual strands in the cable can be spliced at well-spaced locations so that conductor and system performance are not degraded by finite conductor length. The total conductor cost is millimized by adjusting the quantity of superconductor in the cable to have the superconductor in all parts of the magnet operate near the critical current. This technique is called grading and is based on the changing critical current capabilities of the conductor as a function of field. The critical currents for some typical superconductors are shown in Fig. 5 . From these curves it is apparent that for a fixed current the superconductor requirement would be less at 5 T than at 7 T. The grading is adjusted so that the conductor operates at about 90 percent of critical current in the local field.
The cross section of high-purity aluminum in the conductor, 3 cm', is determined by the discharge requirement that the maximum turn-teturn potential be 100 V and that the temperature rise be less than 1 0 0 K during an emergency discharge. The maximum current density in the aluminum is 15 kA/cd. These voltage and temperature l i m i t s require the coil to be electrically separated into segments during an emergency discharge.
As anyone who works with electrical wiring knows, aluminum and copper are not metallurgically compatible, which suggests that one or the other be used but not both. There are powerful arguments, however, for using both materials. Aluminum of sufficient purity to stabilize the conductor cannot withstand the forces in the extrusions of the original composite strands so copper must be used. (Silver might work but it is very expensive.) However, aluminum of high purity has a resistivity about one tenth that of good copper, hence its resistance is less affected by the magnetic field, and it is less expensive, thus aluminum is preferred for the major part of the stabilizer.
The conductor and the supports that transmit the forces between turns and to the cryostat wall are submerged in a bath of liquid helium at about 1.9 K. This bath removes heat from the conductor and carries it to the refrigerator via a set of heat exchangers.
The coil consists of 856 vertically stacked pancakes, each of which has five turns. The superfluid helium channels within the coil structure are large enough so that the conductor surface heat flux of 5 W/cm2 becomes the limiting heat transfer mechanism.
During cyclic operation there w i l l be electrical losses in the conductor and support structure. sourceS of losses include eddy currents in the superconductor and the normal stabilizer, resistive joints within the conductor, and mechanical friction where some components slide over other components. Tests [46] indicated that this loss, which is generally never considered in room tem- perature operation, is also insigdcant in a large SMES unit. In addition, the metallic helium vessels must contain resistive joints or the loss due to large induced circulating currents would be prohibitive.
The conductor is designed to withstand the radial and axial loads that occur within the windings. separating the coil into 13 segments was based on the limiting axial load carrying capability of the conductor.
Dewar and Structure
The dewar and the structure that supports the windings and transmits forces to the rock are designed together to form an integrated system in which the structural components support multiple loads. The design preferred at present for the low-thermal-conductivity struts was originally proposed by the University of Wisconsin [34] . The struts are constructed of a cryogenic grade glass-fiber reinforced epoxy (G-1OCR) and may be graded in thickness to take advantage of increased strength at low temperature, as shown in Fig. 6 .
The vacuum vessel is made of 2.5-mm-thick, seam-welded aluminum sheet. The support pattern is such that welds are centered between supports in the most accessible region where the maximum deflection occurs. The thickness of the aluminum must be increased in the weld areas to compensate for reduced strength due to heating during the welding process. The difference in pressure across the aluminum, hydrostatic versus vacuum, causes the aluminum to deflect. The amount of deflection allowed and the support spacing are chosen to reduce the amount of aluminum required in the wall and to minimize cost.
Whereas aluminum was used for the vacuum vessel, 304LN austenitic stainless steel was chosen for the helium vessel. The choice of materials in both cases was based on a combination of technical and economic considerations.
The sequence of fabrication of the cryostat is intimately connected with the coil winding process. The vacuum vessel, the support struts, and the outside wall of the helium vessel are fabricated in place in the excavated tunnel. The coil is then wound onto the inside of the outside wall of the helium vessel. After each segment of the coil is completed the inside wall of the helium vessel for that segment is fabricated in place and the helium vessel is sealed. Because of the possibility of extensive winding time several segments can be assembled simultaneously. The final stage of assembly is the installation of axial supports between the helium vessel and the inside wall of the vacuum vessel.
Tunnel and Excavation
The depth at which the coil is located is determined by the characteristics of the rock. The overburden produces an essentially hydrostatic compressive load that is roughly proportional to depth and exists throughout the rock.
Granite, and other rock types, can support reasonable loads under compression but have little strength under tension. The stress analyses in [41, vol. 1 1 show that the magnetic forces produce a tensile load on the rock at the inside of the coil and at the top and bottom of the tunnel. Requiring the compressive load from the overburden to be greater than the maximum tensile load places the midplane of the coil at least 200 m below ground level.
Once the location of the coil is determined, the sequence of tunneling and excavation is quite straightforward. First a set of six 1.4-m-diameter holes will be drilled to provide utility and air flow to the cryostat region. Then a main production shaft, about 3.5 X 4 m2 in section will be installed and two additional shafts about 2 m in diameter will be formed for "muck" hoisting. After these shafts are sunk, the tunnel w i l l be excavated and material removed by loaders and drill rigs that are assembled at depth. The various shafts and the tunnel are shown in Fig. 7 . Included is an equipment shaft and an equipment room that are used for refrigeration and electrical systems during coil operation.
The tunnel excavation, grouting, and sealing w i l l require about 3 1/2 years to complete. During this period, rockbolts and anchors will be installed to transmit forces from the coil to the rock and to support the vacuum vessel. Because some heat will travel from the rock to the cryostat, rock heating pipes will be installed to maintain the rock at its normal pre-excavation temperature.
Stress analysis of the effect of Lorentz forces on the rock wall give maximum compressive stresses of 103 bars and maximum shear stresses of 17 bars in the surrounding granite, as shown in Fig. 8 . The choice of the single-tunnel design imposes the requirement of a strong rock with good structural integrity. This design has a high axial load at the top and bottom and a high radial load at the center or midplane. Also, even though the Lorentz forces are everywhere radially outward, the resultant average load on the rock at the extremities is radially inward.
Cryogenic System
The coil operates in a 1.8 K helium bath at atmospheric pressure. This condition is maintained by means of 1) a heat exchanger between the subcooled superfluid helium and a helium I bath at the equilibrium vapor pressure of 12.5 torr and 2) a low thermal conductivity helium path between the coolant bath and a 4.2 K helium bath. The working fluid in this system is helium, which is completely sealed so that no air enters the system and so that little helium is lost.
In addition to maintaining the coil at 1.8 K, the cryogenic system provides coolant at several intermediate temperatures. The first is a bath at about 4.5 K that maintains a constant pressure in the 1.8 K bath and intercepts any heat flow through the power leads that carry current from ambient temperature to the coil. In addition, heat that travels along the support struts is removed at 12 and 63 K by helium gas at about 18 atm. ' The compressor and other moving parts of the cryogenic system must be as close to the coil as possible to improve efficiency and reduce cost. At the same time, this equipment must be in a low magnetic field. It appears that the best option is to have this equipment at fields less than 200 G, where limited personnel access is considered possible, and to shield the equip ment as necessary to have it perform effectively. In the singletunnel design, the compressors are at the surface and the cold box is at the level of the coil midplane in the equipment room.
Electrical Systems
The electrical interface between the superconducting magnet and the electric power system is a converter, as shown in Fig. 9 .
The converter is an ac-to-dc rectifier and dc-teac inverter that changes the alternating current from the utility into the direct current that must flow continuously in the c o i l . To charge or discharge, the voltage across the coil is made positive or negative. When the unit is on standby, independent of storage level, the current is constant and the average voltage across the superconducting winding is 0.
The basic three-phase bridge consists of six thyristors or SCRs which are controlled by a firing circuit. Voltage pulses from the l u l l r n l Fig. 9 . Test setup of a SMES unit with a six-pulse bridge Converter.
firing circuits cause the SCRs to conduct. The voltage pulses are timed to cause each SCR to begin conducting at a prescribed time in the 16-ms cycle. The sequence maintains a constant average voltage across the coil. The exact timing of the firing pulses relative to the phase of the 60-Hz ac voltage determines the average dc voltage across the coil. By changing the relative phase a of this pulse through a range from 0 to 180", the voltage across the coil can be made to vary from its maximum positive value to the maximum negative value.
The average voltage is given by V , = V,cos a.
The maximum and minimum values of .a are controlled by the characteristics of the thyristors and the design of the circuit.
Generally, the limits are about 5 to 165", instead of 0 to 180". This restriction does not cause any practical limitation on charging and discharging the coil or on the power during charge and discharge.
The six-pulse bridge, which is the simplest possible for a three-phase system, produces harmonics on the ac bus and in the output voltage to the coil. These harmonics can be reduced by using bridges of higher pulse number. A straightforward improvement is to use a delta and a wye transformer to produce two separate three-phase systems that are 60" out of phase. Because the current in the coil is much greater than the capacity of any single SCR, many SCRs must operate in parallel. Thus an increase in the pulse number to at least 12 seems reasonable. To increase the pulse number further would require a much more complicated transformer arrangement and the commensurate reduction in harmonic content would not be sigmfmmt.
The harmonics that appear across the coil also appear on the ac side of the bridge and will propagate into the ac system if no damping is provided. Generally, large-scale converters such as those now used on dc transmission hies have filters on the ac side that remove a large fraction of the unwanted harmonics.
The phased-back operation of the bridge, i.e., low power flow, introduces reactive power to the ac system. This reactive power FAR) must be compensated for by the use of a capacitor.
Because VAR generation depends on both the current in the coil and the power level, the VAR control system must function over a wide range and be able to change nearly as fast as the converter itself. Generally, the switching of the VAR control system is via a set of mechanical switches on capacitor banks. However, by controlling the firing angles of the three-phase bridges this VAR requirement can be reduced considerably. (See [35, vol. I, sec. 
21.)
The firing angle of the converter is controlled by an algorithm determined by utility needs, but basically the control circuit responds to a demand signal for a certain power level, either positive or negative. Then, based on the current in the coil, a firing angle is calculated and transmitted to the firing circuit. The response time of the control and firing circuits to a new demand signal are so short that a new firing angle may be chosen for the very next SCR to be pulsed, say within a few milliseconds. This rapid response to power demands that may vary by hundreds of megawatts is a unique capability of SMES relative to other energy storage systems such as pumped hydro and compressed air. This ability to respond quickly allows the SMES unit to function not only as an energy storage unit, but also to act as spinning reserve and even to provide stability in case of disturbances on the utility system [23], [24] .
OTHER SMES DESIGNS
The LASL Reference Design [41] was used earlier to explain the function of the major components of a SMES design. At present, a team from Bechtel Group Inc. and General Atomic (under contract to the EPRI) in collaboration with the Wisconsin group is developing another promising design, the low-aspect-ratio (LAR) solenoid [51]. In addition, there are other designs such as the force-compensated toroidal coils proposed by Mawardi [37], described in a companion paper, and a multitunnel design proposed by the Wisconsin group. The low aspect ratio design, which was selected by the Bechtel/GA team including a high-current conductor suggested by the University of Wisconsin is described below.
The general characteristics of both the Los Alamos Reference Design and the low aspects ratio coil are given in Table I . The choice of conductors is independent of the rest of the coil design, but the characteristics of the two conductors are given in Table I with the coils for which they were originally proposed.
In practice, the major differences behieen the LAR and Los Alamos designs lie in the methods used to support the axial and radial loads. The radial load and pressure &e considerably less in the LAR design, which allows this type of coil to be constructed near the surface in almost any type of rock. The single-tunnel design, on the other hand, has high radial and axial loads that must be supported by a strong external rock structure, and its midplane must be at a depth that allows the rock to remain under compressive load due to the overburden and other possible preexisting stresses, even at full charge when the maximum tensile loads are produced by the coil.
The smaller forces transmitted to the rock in the LAR design result in reduced refrigeration requirements. However, the axial loads must be completely absorbed within the cryostat, thus a massive cold structure is required. One method of providing this structure is to use a large aluminum structure that resists the axial component of the Lorentz force and provides a large enthalpy base for absorbing the energy in the coil in case of a quench. These structural elements are small enough to be prefabricated and installed during the coil-winding process.
The magnetic fringe field of the LAR coil extends about 3 times further than that of the Los Alamos design. If the fence line is placed at the 10-G limit the single-tunnel coil will require about 1 m i 2 of land whereas the LAR could require almost 10 m i 2 . This difference may affect somewhat the ease of siting that would otherwise be expected because the LAR coil places a smaller demand on the structural integrity of the rock.
Because the radial pressure is less in the LAR coil, the spacing between struts that transmit the loads to the rock can be greater. The larger spacing between struts makes access for assembly and repair easier. However, the tunnel must be wider, and more support structure is required in the conductor because the radial load is carried over a greater distance between supports.
The conductor proposed by the University of Wisconsin is considerably larger than any conductor used at present and has certain advantages and disadvantages. The major advantages are that the coil cilll be wound as a single layer and the voltages during normal operation and emergency discharge are quite low. Maintaining a low voltage is important because helium is a notorious medium for voltage breakdown, in particular along the surface of insulators, thus limiting the voltage during operation reduces the chance of arcing. The major disadvantages are that the current is very high and the surface-to-volume ratio is intrinsically lower than for the Los Alamos conductor, requiring more high-purity aluminum stabilizer.
Most utility system converters operate at lo's to loo's of kilovolts and a few kiloamperes, and the current is adjusted to meet the power requirements. The high-current conductor requires some modification of the conventional converter operation. In particular, the converter submodules must all be arranged in parallel to maximize the total current available. The bussing within the converter and between the converter and power leads must be very massive to carry 765 kA. Further, the losses in the bussing and in the converter are increased, as is the overall capital cost of the system. The Bechtel/GA team evaluated the two different designs and selected the LAR coil as the preferred design, though it was found to be only marginally superior to the single-tunnel design. The factors discussed above are summarized in Table 11 . conauctor. less coldmore c o l d -t w a n s t r u c t u r e .
OPERATION OF A SMES UNIT ON A POWER SYSTEM
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structure redwes efficiency power output. Most storage technologies are developed to accommodate the major load variation, the daily or diurnal cycle. The functioning of a SMES unit to meet the diurnal load variation is, in essence, the same as any other type of storage. In addition, the power demands on most utilities have components that are as short as fractions of a second. Thus a SMES unit that can respond in milliseconds will be more valuable than one that responds in minutes because a variety of load variations can be accommodated.
Because many commercial and industrial establishments do not operate over the weekend, a weekly load cycle also exists. A typical load curve covering an entire week is shown in Fig. 10 . Finally, there are annual load variations but these are very large and are beyond the range of most energy storage technologies SMES can meet, in part, the weekly load because of its high efficiency, and can meet even the shortest power demands and improve system stability because of the fast response of the converter.
The efficiency of a SMES unit depends on the duration of energy storage whereas in most energy storage technologies the efficiency is nearly independent of the duration of storage. Operating on a diurnal cycle it is quite efficient compared to other storage technologies. However, the incremental energy required to maintain the system at full charge is greater for SMES than the other competing techniques. For example, the ac to dc conversion and the storage of energy in a SMES unit is nearly 99 percent efficient. The discharge efficiency is similar, giving a roundtrip efficiency for short-term storage that is about 98 percent. For pumped hydro the equivalent roundtrip efficiency is on the order of 70 percent. The large difference is due to the requirement to convert electrical energy to mechanical energy and back again for pumped hydro whereas no energy conversion is necessary for SMES. During each day of operation, however, the refrigerators of the 5500-MWh LAR coil consume about 120 MWh to maintain the coil at 1.8 K. There is no equivalent loss for the pumped hydro system. including SMES.
Though the energy required to maintain cryogenic temperatures can be assigned to SMES operation in different ways, and the major part of this energy can be supplied at night, the simplest analysis ascribes this energy loss to storage efficiency. Thus the efficiency is of the form where vc,d = 0.025 is the charge/discharge inefficiency, vR = 0.04 is the daily loss, and d is the number of days between charge and discharge. Because the SMES unit will not be charged and discharged completely each day, the value of d need not be an integer. The effective efficiency depends in detail on the utilization of the SMES unit and is expected to range between 80 and 90 percent as a long-term average. If some of the capacity is held back by the utility, to provide spinning reserve, for example, then the efficiency will decrease, but the increase in value of the unit may offset the cost of the energy consumed.
Because of the fast response of the converter to short-term power variations, the SMES unit has certain unique capabilities on a utility system. To maintain integrity of the system while loads change and when a generator occasionally drops out, the utilities maintain a spinning reserve. Typically this is a few percent of the load and may be a separate operating unit though it usually is made up of the operating margin or may be a throttled back operation of one or more generators. In practice, spinning reserve is relatively expensive considering that no real power is generated. A great deal of costly equipment is idle in terms of production but is operating and thus requires maintenance and is subject to the normal wear and tear of a fully operational generator. Spinning reserve can be supplied by a SMES unit simply by having the converter rated above the level required for normal operation. The addition converter capacity is much cheaper per kilowatt to the utility than the other sources of spinning reserve and the only effect on the SMES coil and system is the increased voltage standoff requirement associated with a higher power level at a fixed current.
The response of a SMES system to high-frequency disturbances in a utility system were studied by Mohan and Peterson [24] developed a small SMES system consisting of all the components shown in Fig. 1 except for the reactive power compensation unit and demonstrated that such a device would, in fact, operate as predicted.
The effectiveness of SMES systems on various utilities systems in different regions of the U.S. is being evaluated by Energy Management Associates under contract to EPRI [54] . This study goes into some detail of the differences between the daily and weekly cycles which was addressed earlier by A. D. Little Inc. P51.
CONCLUSIONS
Superconducting Magnetic-Energy Storage (SMES) has the potential of becoming an economical means of load leveling. Its high efficiency and fast response will allow SMES to fit into utility systems where these characteristics are important and sites for conventional energy storage systems are restricted. At present the cost of a SMES unit appears somewhat high but continued research and development is likely to bring the price down and make the technology appear even more attractive.
